Abstract : Myocardial oxygen consumption (MVO2) may be disproportionately high relative to contractile function in post-ischemic, reperfused myocardium. This study investigated the mechanism of dissociation between MV02 and contractile function in post-ischemic, reperfused myocardium using isolated rat hearts. Mitochondrial dysfunction secondary to increased calcium uptake has been implicated as an important mediator of reperfusion injury in the heart. In post-ischemic, isovolumic, antegrade-perfused rat hearts, MVO2 rate and contractile function were studied in relation to mitochondrial function. Left ventricular pressure, coronary blood flow, and MVO2 were determined. Mitochondrial respiration and membrane potential were measured by polarography and flow cytometry. To examine the role of mitochondrial calcium uptake in ischemic reperfusion injury, isolated rat hearts perfused with ruthenium red (an inhibitor of calcium uptake) were compared to control perfused hearts. Hearts were subjected to 60 minutes of no-flow ischemia, followed by 60 minutes of reperfusion. At 15 minutes after the onset of reperfusion, there was poor recovery of left ventricular pressure to 54% of the control level, but MVO2 increased to 149% of the control. Addition of 2.5 pM ruthenium red to the perfusate resulted in a decrease in MVO2. The oxygen consumption rate in state 3 mitochondria decreased similarly following reperfusion both in control and in ruthenium red hearts. The mitochondrial membrane potential was reduced to 89% (logarithmic scale) after 15 minutes of reperfusion. This data suggests that the dissociation between MVO2 and contractile function following early reperfusion is partly caused by the repair of intracellular damage resulting from reduction of the mitochondrial membrane potential.
Introduction
In normal myocardium, there is a close relationship between contractile function and the oxidative metabolic rate1,2). Recently several reports have indicated that this relationship may be altered after post-ischemic reperfusion3-5).
The mechanisms responsible for the
The Third Department of Internal Medicine, Showa University School of Medicine, 1-5-8, Hatanodai, Shinagawa-ku, Tokyo 142, Japan. Kazuaki NIHIO, et al dissociation between myocardial oxygen consumption (MVO2) and contractile function in the early period after reperfusion are poorly understood. Periods of prolonged myocardial ischemia result in irreversible tissue damage and abnormalities of metabolic and mechanical function5,6) An important component of this injury may occur at the time of reperfusion and not during ischemia itself5,6). It seems possible that this reperfusion injury is brought about by mitochondrial calcium loading during reperfusion. Mitochondrial calcium loading causes abnormalities of mitochondrial function and mitochondrial damage may lead to uncoupling of oxidative phosphorylation7). These process abnormalities include changes in transmembrane ion transport8) and futile metabolic cycling9). Elevation of the cytosolic calcium concentration activates calcium transport systems at the inner mitochondrial membrane and at the sarcoplasmic reticulum, which may contribute to enhanced energy expenditure after reperfusion8). Ruthenium red is a polysaccharide stain that inhibits mitochondrial calcium accumulation without any changes in the cytosolic calcium concentration. The present study was designed to investigate the mechanism of dissociation between MVO2 and contractile function in relation to mitochondrial calcium accumulation by using ruthenium red perfusion after reperfusion in rat hearts. Myocardial contractility Contractility was determined by the peak positive time derivative of developed pressure (dp/dt) versus time. Oxygen consumption rate in mitochondria
The mitochondrial oxygen consumption rate in state 3 is shown in Fig.5 . 
Discussion
Under physiological conditions, myocardial oxygen demand and supply are well balanced. However many investigators have demonstrated the dissociation between MVO2 and contractile function in post-Ischemic reversibly injured tissue such as stunned myocardium1-4). In isolated re-perfused heart, relatively high myocardial oxygen consumption is associated with depression in regional contractility in irreversibly injured myocardium after prolonged ischemia. Benzi and Lerch 13 showed dissociation between MVO2 and contractility after 60 minutes of ischemia in re-perfused rat hearts. Our study also demonstrated increased MVO2 while contractile function was decreased in the early phase of reperfusion after 60 minutes of ischemia. This dissociation means that postischemic myocardial oxygen utilization may be increased above physiological levels, indicating a decrease in contractile efficiency. Possible explanations for this phenomenon include uncoupling of oxidative phosphorylation, resulting in inefficient mitochondrial ATP production, or an increase in the cellular energy requirement for processes other than contraction.
In a previous study the mitochondrial respiratory function was unchanged in stunned myocardium 14), thus a relatively high MVO2 in the post-ischemic tissue has not been considered in relation to mitochondrial respiration uncoupling.
In contrast, our results demonstrated a significant decrease in the mitochondrial respiration rate in the reperfused heart.
Although in reperfused heart treated with ruthenium red, the mitochondrial respiration rate decreased while the MVO2 did not increase, we can postulate that the dissociation of MVO2 and contractile function in ischemic injured tissue is not secondary to mitochondrial uncoupling. An increase in non-contractile energy requirements seems to be more likely, perhaps related to an increase in ion pumping (i.e. extrusion of calcium from mitochondria in calcium overloaded myocytes) or an increase in the activity of calcium ATPase to maintain normal sequestration of calcium by the sarcoplasmic reticulum 15) [Received August 19, 2002 : Accepted December 12, 2002 
